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Secondary Contact and Hybridization in the Texas Cave Salamanders Eurycea neotenes and E. tridentifera SAMUEL S. SWEET
Unusual levels of individual and populational variation and character discordance in three samples of troglobitic Eurycea from the Edwards Plateau of central Texas indicate hybridization between Eurycea neotenes and E. tridentifera. The two species are microsympatric but exhibit habitat segregation in one case, are contiguously allopatric in the same cave system in another, and appear to interact as vagrants in the third. E. neotenes and E. tridentifera seem to be evolving reproductive isolation at Honey Creek Cave, where hybrids are uncommon. Eurycea troglodytes and E. latitans are shown to be invalid taxa, the former consisting of a hybrid swarm of temporally variable composition and the latter being a troglobitic population of E. neotenes which episodically incorporates individuals of E. tridentifera. Variation in the interactions of the parental species on contact is ascribed to differences in the opportunity for ecological segregation permitted, the relative frequencies of incursion of the parental taxa through time, and differences in the escape behavior of intermediate and advanced troglobites in cave systems which periodically receive influxes of flood-borne epigean fish.
DISTRIBUTIONAL
patterns consisting of arrays of allopatric, distinctive populations pose a suite of familiar systematic problems, whether these patterns are interpreted to have originated through dispersal or vicariance. Such populations are likely to have been genetically "small" at one or more points in their histories, and frequently occur under circumstances favoring strong and often similar selective regimes as a consequence of their restriction to favorable islands of habitat. Wiley (1981) has recognized the inability of cladistic methodologies to resolve relationships within groups of peripheral isolates or among relict populations, where most character changes may be autapomorphic; the situation may be even less amenable to either cladistic or phenetic approaches owing to parallel responses to selection among the isolated units.
All of the above features characterize troglobitic taxa, which have the additional problem that actual distributions are difficult to fully disclose. The usual course of action has been to name as many taxa as can be diagnosed on morphological criteria, with the result that the evolutionary histories advanced seem unduly complex in relation to outgroup reference points. Under these circumstances rare events of sympatry assume special importance by providing a within-group metric for the magnitude of evolutionary divergence.
Populations of the small, paedomorphic salamanders of the plethodontid genus Eurycea inhabiting the limestone plateau of central Texas constitute a specimen case of parallel evolution in distributional relicts (Sweet, 1978) . Prominent in this group is a graded series of caveadapted populations ranging from those of unmodified epigean (surface-dwelling) morphology to advanced troglobites characterized by depigmentation, extreme eye reduction and hypertrophy of locomotor and trophic structures (Mitchell and Reddell, 1965; Mitchell and Smith, 1972) . High levels of concordance among character states exist in interpopulational comparisons, and apart from ontogenetic allometry intrapopulational variability is characteristically low. Geographic and geologic considerations indicate that many phenotypically similar populations are independently derived and have evolved in a parallel fashion in concert with local geomorphic events (Sweet, 1978 , provides details). One is thus left with the prospect of recognizing polyphyletic taxa or diagnosing numerous cryptic forms unless it is possible to show that morphological differentiation correlates poorly with the acquisition of reproductive isolation.
In the course of examining differentiation in these salamanders I found that specimens from three of 22 troglobitic populations were atypical in displaying high levels of individual variation and character discordance. In one case three discrete phenotypes are present: individuals re- and sacrum excluded; premaxillary (PM), vomerine (VO), palatopterygoid (PT) and dentary (D) teeth-numbers of tooth pedicels on each element, rather than number of seated teeth, left and right sides combined. All measurements were made to 0.1 mm with dial calipers (SL) or an ocular micrometer; vertebral and tooth counts were taken either from cleared and stained specimens or high-resolution radiographic negatives.
Data were analyzed on the U.C. Berkeley CDC 6400 computer (SPSS correlation and discriminant analyses); values of Kendall's Coefficient of Concordance were calculated manually. Specimens with incomplete data were excluded; sample sizes vary accordingly and are specified for each series of tests.
RESULTS
Characteristics of sites and populations.-Honey Creek Cave is one of a number of small stream caves opening into the shallow canyon of the middle portion of the Guadalupe River in Kendall and western Comal counties (FIg. 1) . Most of these caves are rather short (<1 km) and drain fissures and sinkholes of the adjacent Guadalupe terrace; Honey Creek Cave is much longer (> 11 km), and is known to extend beneath the surface divide into the Cibolo sinkhole plain to the south (Anon., 1983). While most of the Guadalupe caves have populations of E. neotenes, Honey Creek Cave is the only one known to contain a population of E. tridentifera as well; this species is widespread in the caves of the Cibolo sinkhole plain (Sweet, 1977a) . The two species show habitat segregation in sympatry, E. neotenes occupying the outflow and cave mouth with marginal overlap into the deep cave zone occupied by E. tridentifera. The four intermediate individuals were collected in the first 10 m of the cave.
E. tridentifera is a depigmented, highly derived troglobite with a large head, short trunk and thin, elongate limbs; the eyes are much reduced and typically lack lenses. The sympatric E. neotenes population is of typical epigean morphology, being heavily pigmented with a long trunk, short limbs and eyes of normal size and structure. I interpret the four remaining individuals as E. neotenes x tridentifera hybrids, as supported below. Fig. 2A illustrates representative specimens from this locality.
Valdina Farms Sinkhole is a large collapse sink intersecting a horizontal stream passage with no local outlet; this passage lies 30-60 m below minimum land surface in the region, and is presumably a tributary of the main aquifer of the Balcones Fault Zone (Fig. 1) The Cascade Caverns system is comprised of several sinkholes on the western edge of the Cibolo sinkhole plain (Fig. 1) . This region displays the most mature karst topography of the Edwards Plateau (Smith, 1971) ; stream passages are developed on two or more levels, and are presumably integrated into major trunk channels below since the system behaves as a unit during floods. As is the case at Valdina Farms Sinkhole, discharge occurs into the adjacent subterranean channels of the Balcones Fault Zone.
Eurycea latitans is now known from three adjacent sinkhole systems: Cascade Caverns, Cascade Sinkhole and Pfeiffer Water Cave. The species was described (Smith and Potter, 1946 ) from a series of 20 specimens, only two of which are extant; a few other specimens were collected as early as 1933. I have located 13 specimens taken prior to 1950 (several in poor condition), and 10 specimens collected since 1965. The material from early collections appears to differ from recent specimens in being paler and stouter (Fig. 2B) ; the latter are not easily distinguished from populations inhabiting several of the Guadalupe caves, which I have considered to represent E. neotenes (Sweet, 1978) . Populations of E. tridentifera occupy caves in the Cibolo plain only 5.5-6.0 km to the east of the Cascade system ( Only the E. troglodytes sample displays correlations which are generally lower than any of the corresponding values for E. neotenes or E. tridentifera. These results are perhaps to be expected in any situation where ontogenetic allometry is relatively strong, for an overall correlation with size can conceal considerable individual variation as emphasized in the discussion of character concordance below.
A somewhat different and more powerful approach to the characterization of individual variability can be derived from discriminant analysis. Discriminant analysis seeks to maximize the effects of differences present in a character matrix representing two or more specified groups, producing character weightings which define the locations of individuals in discriminant space through one or more linear functions. The discriminating power of the technique can easily exceed the validity of its biological interpretation, and discrimination of (Table 3) When certain assumptions discussed below are satisfied, the degree of agreement among character states in individuals can be evaluated by Kendall's Coefficient of Concordance (Siegel, 1956 ). This nonparametric function determines the association among several rankings of a series of objects, with values ranging from 0 (no association) to 1. The concordance value (W) is the ratio of the sum of squared deviations of specimen rank sums to the maximum possible sum of squared deviations.
Two general limitations of the technique apply to morphological data: the independent variable should be the same for all characters employed, and the distribution of cases should be ordinal or otherwise uniform in nature. Size is the obvious independent variable in most applications at the population level, although the suite of characters comprising an adaptive trend could be employed in a comparison among taxa. In the present case each specimen in a sample is assigned a rank for each of the seven sizedependent characters previously used; trunk vertebral number is not correlated with ontogenetic size change and has been omitted. In a perfectly concordant sample each specimen would have a uniform rank across the set of characters. As size dependence of character states diminishes, heterogeneity will appear in the individual rank scores, reducing the concordance value of the sample. Used in this way, the concordance value is a measure of homogeneity among allometric relationships within a sample of specimens. Populations having a uniform set of allometric relationships will be more nearly concordant than will those in which sets from different parental taxa are variously combined.
Uniformity in size distribution within samples is an important consideration when using allometric variables. Discordance will not be detected in a rank-ordering of cases in which the size increment between specimens exceeds the value at which the rank-order results of different allometric relationships are inseparable. For example, while the relative limb lengths of E. neotenes and E. tridentifera differ considerably, a composite sample containing both species might still be estimated to be highly concordant if the size increment between individuals was 5 mm or more. Concordance will be overestimated in such cases. Concordance may be underestimated in cases of tightly-packed size distributions owing to the rank-order consequences of measurement error or individual variability in characters with moderate size-dependence.
The results of several analyses of concordance in populations of the Texas Eurycea are presented in Table 4 . Average size increments between individuals can be estimated from the sample size and size range data included; in samples of more than 10 specimens this value ranges from 0.5 to 2.7 mm (x, 1.18 mm), and is somewhat larger (1.6-3. to that species in morphology. The weight of evidence favors the interpretation that E. troglodytes is a hybrid swarm of temporally unstable composition, in which the genetic influence of E. tridentifera has declined since 1957. Most individuals in the present population at Valdina Farms Sinkhole are predominantly similar to E. neotenes.
The evidence for hybrid influence is least conclusive in the case of E. latitans. This sample shows unusual heterogeneity in numbers of trunk vertebrae, high dispersion in discriminant space and contains two individuals which sort with E. neotenes in the discriminant classification. Nonetheless, the E. latitans sample displays levels of individual variation in allometric features (Table 2 ) and character concordance (Table 4) which are similar to those observed in other troglobitic populations of E. neotenes. The proximity of the known distributions of E. latitans and E. tridentifera in the maturely-developed cave systems of the Cibolo sinkhole plain lends plausibility to the interpretation that E. latitans represents a troglobitic population of E. neotenes which has incorporated a few individuals of E. tridentifera in the past. The presentday population in the Cascade Caverns system is not differentiable from four other populations of troglobitic E. neotenes widely scattered on the Edwards Plateau.
The taxonomic implications of these conclusions are as follows: Eurycea troglodytes Baker is an invalid taxon of hybrid origin, to be considered a junior synonym of Eurycea neotenes Bishop and Wright (part). The species name trogodytes remains available (I.C.Z.N., Article 17 (2)); it would replace Eurycea tridentifera Mitchell and Reddell if any member of the type series represented the same taxon as occurs at Honey Creek Cave. Data presented above eliminate this possibility: the holotype of E. troglodytes is a hybrid, as are the paratypes. To reflect this the synonymy of E. tridentifera should henceforth include the notation Eurycea troglodytes Baker (part). The same provisions apply to Eurycea latitans Smith and Potter, as a junior synonym of E. neotenes and an included name in the synonymy of E. tridentifera.
The partial or complete breakdown of reproductive isolation between E. neotenes and E. tridentifera, and the observed reproductive competence of the hybrids requires careful evaluation of the options for the continued recognition of E. tridentifera, either as a subspecies of E. neotenes or as a distinct species. I prefer the latter alternative for the following reasons: 1) E. tridentifera is morphologically quite distinct from even the most highly cave-adapted populations of E. neotenes; 2) the range of E. tridentifera is wholly contained within the range of E. neotenes (Sweet, 1977a (Sweet, , 1982 , though the two are seldom microsympatric; and 3) the two taxa appear to exhibit assortative mating where they occur in sympatry at Honey Creek Cave.
The last point requires some elaboration, and leads to a consideration of the factors responsible for the apparent breakdown of reproductive isolation in the populations known as E. troglodytes and E. latitans. One must also inquire as to how E. latitans has been able to maintain an intermediate level of troglobitic adaptation in a cave system otherwise inhabited by the advanced troglobite E. tridentifera.
Honey Creek Cave is an unusual site for E. tridentifera in that it opens as a flowing spring; all other localities for this species are deep sinkhole systems with no local outlet. E. neotenes occupies the spring at Honey Creek Cave, and as far as is known does not venture more than a few meters into the cave itself. The opportunity for ecological segregation of differentlyadapted populations thus exists here, in contrast to the situation at Valdina Farms Sinkhole or in the Cascade Caverns system. Hybrid individuals would be expected to be at selective disadvantage in either the spring or deep cave habitats, thus favoring the development of reproductive isolating mechanisms in the parental taxa.
As a related point, it is interesting that springdwelling populations of E. neotenes are uncommon in the Guadalupe canyon in the vicinity of Honey Creek Cave. I examined 20 springs in this region, 15 of which were associated with caves, and found that 11 of the 12 populations of E. neotenes located were associated with caves (Sweet, 1978) . In eight of these the populations are exclusively troglobitic, and are largely so in two others where individuals are only occasionally found in the spring habitat. Honey Creek Cave is the remaining site, and here E. neotenes is considerably more common in the spring than in the cave, despite the fact that observation and capture of salamanders is much more readily accomplished in the quiet waters of the cave. These observations are consistent with the suggestion that E. neotenes has been prevented from establishing a troglobitic population in Honey
